Many bacteria employ a type III secretion system (T3SS), also called injectisome, to translocate 2 proteins into eukaryotic host cells through a hollow extracellular needle. The system can efficiently 3 transport heterologous cargo, which makes it a uniquely suited tool for the translocation of 4 proteins into eukaryotic cells. However, the injectisome indiscriminately injects proteins into any 5 adjoining eukaryotic cell, and this lack of target specificity currently limits its application in 6 biotechnology and healthcare. In this study, we exploit the dynamic nature of the T3SS to control 7 protein secretion and translocation into eukaryotic cells by light. By combining optogenetic 8 interaction switches with the dynamic cytosolic T3SS component SctQ, the cytosolic availability of 9 SctQ and in consequence T3SS-dependent effector secretion can be regulated by external light. 10
Introduction 17
The bacterial type III secretion injectisome 18 The injectisome is a bacterial nanomachine capable of translocating proteins into eukaryotic host cells 19 in a one-step export mechanism 1,2 . The core components of the injectisome, or type III secretion 20 system (T3SS) §1 are shared with the bacterial flagellum 3,4 . The injectisome consists of (i) an extracellular 21 needle formed by helical polymerization of a small protein and terminated by a pentameric tip 22 structure, (ii) a series of membrane rings that span both bacterial membranes and embed (iii) the 23 export apparatus, formed by five highly conserved hydrophobic proteins thought to gate the export 24 process, and (iv) a set of essential cytosolic components, which cooperate in substrate selection and 25 export ( Fig. 1A) . 26 The injectisome is an essential virulence factor for many pathogenic Gram-negative bacteria, including 27 Salmonella, Shigella, pathogenic Escherichia coli, and Yersinia 5 . It is usually assembled upon entry into 28 a host organism, but remains inactive until contact to a host cell has been established. At this point, 29 the injectisome exports two translocator proteins that form a pore in the host membrane, and a pool 30 of so-called T3SS effector proteins that are translocated into the host cell. 31 The Gram-negative enterobacterium Y. enterocolitica uses the T3SS to translocate six Yop (Yersinia 32 outer protein) effector proteins into phagocytes, which prevent phagocytosis and block pro-33 inflammatory signaling 7 . In this study, we use the Y. enterocolitica strain IML421asd (ΔHOPEMTasd) 8 , 34 where these six virulence effectors have been deleted, and which is additionally auxotrophic for the 35 cell wall component diaminopimelic acid. The strain is therefore non-pathogenic, but possesses a 36 functional T3SS. Secretion of effector proteins can be triggered in vivo by host cell contact or in vitro 37 by low Ca 2+ levels in the medium 9 . 38 
39
The T3SS as a protein translocation device 40 Being a machinery that evolved to efficiently translocate proteins into eukaryotic cells, the T3SS has 41 been successfully used to deliver protein cargo into a wide variety of eukaryotic target cells for 42 different purposes such as vaccination, immunotherapy, and gene editing (reviewed in ref. 10 ). Export 43 through the T3SS is fast and efficient: More than 10 6 effectors can be translocated into a single host 44 cell at rates of several hundred effectors per second for one injectisome [11] [12] [13] [14] . Short N-terminal 45 secretion signals mark cargo proteins for delivery by the T3SS 15, 16 . The size and structure of the cargo 46 proteins can influence translocation rates, and very large or stably folded proteins (such as GFP or § In this manuscript, T3SS refers to the virulence-associated T3SS. The common "Sct" nomenclature 49 is used for T3SS components, see ref. 39 for species-specific names. dihydrofolate reductase) are exported at a lower rate. However, most cargoes, including large proteins 48 with molecular weights above 60 kDa, can be exported by the T3SS 14, 17, 18 . Protein translocation into 49 host cells can be titrated by adjusting the expression level and multiplicity of infection (ratio of bacteria 50 and host cells). Within the host, the T3SS secretion signal can be removed by site-specific proteases or 51 cleavage at the C-terminus of a ubiquitin domain by the native host cell machinery, and subcellular 52 localization can be influenced using nanobodies co-translocated by the T3SS 14, 19 . Taken together, these 53 properties make the T3SS an efficient and versatile tool for protein delivery into eukaryotic cells 10, 14 . 54 T3SS inject effector proteins into any eukaryotic host cell as soon as they are in contact. Lack of target 55 specificity is therefore a main obstacle in the further development and application of T3SS-based 56 protein delivery systems 20,21 . 57 58 Dynamics of the cytosolic components of the T3SS and its link to effector secretion 59 Four soluble cytosolic components of the T3SS (SctK, L, Q, N) form an interdependent complex at the 60 proximal interface of the injectisome 22-29 ( Fig. 1A ). As these proteins interact with effectors and their 61 chaperones with a graded affinity matching the export order of the effectors, they were termed 62 "sorting platform" 30 . Our group recently discovered that the sorting platform proteins of the 63 Y. enterocolitica T3SS constantly exchange between the injectisome and a cytosolic pool (Fig. 1A) , and 64 that this exchange is linked to protein secretion by the T3SS 25,31 . We rationalized that the constant 65 shuttling of these essential T3SS components should allow to control T3SS activity through reversible Optogenetic interaction switches were established and have mainly been studied in eukaryotic cells 37 . 81 In this work, we therefore tested the applicability of two different optogenetic interaction switches in 82 bacteria: (i) The LOVTRAP system (LOV), which consists of the two interacting proteins LOV2 (a photo 83 sensor domain from Avena sativa phototropin 1) and Zdk1 (Z subunit of the protein A), that bind to 84 each other in the dark. Upon irradiation with blue light, LOV2 undergoes a conformational change and 85 Zdk1 is released 35 . (ii) The iLID system, which employs the interaction of iLID, derived from a LOV2 86 domain from Avena sativa phototropin 1, with a smaller binding partner, SspB_Nano. The iLID system 87 has a low binding affinity in the dark and a high affinity upon irradiation with blue light 34, 36 . LOV and 88 iLID systems therefore react to light in opposite directions, which allows to specifically release a bait 89 protein (and, subsequently, to activate processes that require its presence) in the dark or upon 90 illumination, respectively. 91 To establish the use of optogenetic interaction switches in bacteria, we first assessed the effect of 92 illumination on the different switches by light microscopy, using fluorescently labeled bait proteins. 93 Next, we applied the switches to control the availability of the essential cytosolic T3SS component 94 SctQ and, in consequence, secretion of cargo proteins through the T3SS, by light. We optimized the 95 systems by defining suitable versions of the switches and adjusting the expression ratio of anchor and 96 bait proteins. As proof of concept, we show the light-dependent translocation of a heterologous cargo 97 protein into eukaryotic host cells. The successful development of the LITESEC system presents a 98 blueprint for the application of optogenetic interaction switches in prokaryotes, and opens widespread 99 opportunities for using the T3SS as a specific and precisely controllable tool to deliver proteins of 100 interest into eukaryotic cells.
Results

102
Controlling protein secretion and translocation by the T3SS with light 103 To establish a method to control protein translocation by the T3SS, we took advantage of our recent 104 finding that some essential cytosolic T3SS components constantly exchange between the cytosol and 105 the injectisome 25,31 . We combined one of these components, SctQ, with one partner domain of an 106 optogenetic interaction switch, and targeted the other partner domain to the bacterial inner 107 membrane (IM) by adding an N-terminal transmembrane helix. This allowed to control SctQ availability 108 in the cytosol, and therefore T3SS-based protein export and translocation into host cells, by light. To 109 be able to control T3SS activity in both directions, we developed two complementary systems: Fig. 1 ). For the iLID-based LITESEC-supp system, the bait protein is tethered to the membrane anchor Characterization of optogenetic sequestration systems in Y. enterocolitica 149 To assess the function and efficiency of the used optogenetic interaction switches as sequestration 150 systems in prokaryotes, and to monitor their dynamics, we visualized the components of iLID-and 151 LOV-based sequestration systems 34,35 in live Y. enterocolitica by time-lapse fluorescence microscopy. 152 We coexpressed the anchor protein with a version of the corresponding bait protein where SctQ was 153 replaced by mCherry to allow for a characterization of the switch by fluorescence microscopy. Initially, 154 we confirmed that mCherry fused to the membrane anchor showed a strict membrane localization 155 (Suppl. Fig. 1 ), indicating a stable fusion and a functional TMH motif. Next, the localization of mCherry-156 bait fusions was determined by fluorescence microscopy in live Y. enterocolitica expressing the 157 corresponding unlabeled anchor proteins (Suppl. Table 1 ). Bacteria were grown in the dark and the 158 distribution of the bait proteins was monitored before and after a short pulse of blue light ( Fig. 2AB ). 159 To quantify the change of the normalized fluorescence signal across the bacterial cells, line scans were 160 performed ( Fig. 2CD ). For the iLID system, the fluorescence signal of the bait-mCherry was cytosolic in 161 the pre-activated state. After activation of the interaction switch with blue light, the fluorescence 162 signal partly shifted to the membrane ( Fig. 2A ) and returned to the cytosol within the next minutes 163 ( Fig. 2C) . In contrast, for the LOV-based sequestration system, the fluorescence signal of the bait-164 mCherry was mainly membrane localized in the pre-activated state. Activation with blue light led to 165 only a minor relocalization of the signal from the membranes to the cytosol ( Fig. 2BD ), suggesting that 166 the majority of bait protein remained bound to the anchor even after illumination. Improved functionality of the LITESEC-act system with a mutated anchor (V416L) 205 We next tested the LITESEC-act1 system, designed for induction of secretion by blue light illumination 206 (Table 1) , and detected only a very weak activation of protein export under light conditions (Fig. 4 , 207 lanes 1-2). Based on the fact that secretion was wild-type-like in the absence of the membrane anchor 208 (Fig. 4, lane 7) , and the results of the earlier sequestration experiment (Fig. 2BD ), we concluded that 209 bait and anchor interact too strongly in the LITESEC-act1 system. Therefore, we constructed and tested 210 additional versions of the system, using the mutated anchor version V416L, which displays a weaker 211 affinity to the bait 35 . We hypothesized that a lower anchor/bait expression ratio could additionally lead 212 to more efficient release of the bait and activation of T3SS secretion upon illumination, and expressed 213 the V416L version of the anchor both from the medium-high copy pBAD expression vector used 214 previously (LITESEC-act2), and a constitutive low-copy vector, pACYC184 (LITESEC-act3). The response 215 of the resulting LITESEC systems (Table 1) The export of heterologous substrates by the T3SS can be controlled by light 265 The T3SS-dependent export of heterologous cargo has been shown and applied for many purposes in 266 earlier studies 10,14,20 . To confirm that we can control the export of heterologous proteins in the LITESEC 267 strains, we combined the LITESEC-act3 and -supp2 systems with a plasmid expressing a heterologous 268 cargo protein, the luciferase NanoLuc, fused to a short N-terminal secretion signal, YopE1-53 16,40,41 , and 269 a C-terminal FLAG tag for detection. The cargo protein was exclusively exported in light conditions by 270 the LITESEC-act3 strain, and exclusively in the dark by the LITESEC-supp2 strain, whereas export was 271 light-independent in a wild-type strain (Fig. 6 ). Light-induced protein translocation into eukaryotic host cells 308 Having found that secretion of heterologous T3SS substrates can be tightly controlled by the LITESEC 309 system, we wanted to employ the LITESEC-act system to control the injection of a cargo protein, reporter without a secretion signal, displayed a significantly lower rate of blue fluorescence (Fig. 8A) , 316 showing that translocation was T3SS-dependent. The LITESEC-act3 strain translocated the transporter 317 in a light-dependent manner, leading to a significantly higher fraction of translocation-positive host 318 cells in light than in dark conditions (close to the positive and negative controls, respectively; Fig. 8 ). 319 In contrast, the LITESEC-supp2 strain showed the opposite behavior (Fig. 8) . Taken together, these 320 results confirm that translocation of heterologous proteins into eukaryotic host cells by the T3SS can 321 be controlled by external light. The LITESEC-supp1 system, which is based on the iLID optogenetic interaction switch 34 (Table 1) , 351 showed a significant reaction to light (light/dark secretion ratio of 0.28; 24% vs. 85% of wild-type 352 secretion under light and dark conditions, respectively; Fig. 3 ). Expression of the membrane anchor 353 from a constitutively active promoter on a low copy plasmid, pACYC184 (LITESEC-supp2) retained the 354 light/dark secretion ratio (L/D ratio of 0.26; 24% vs. 93% WT secretion; Fig. 4) , with the additional 355 advantage that expression of the membrane anchor is constitutive. 356 For many applications, activation of T3SS protein export upon illumination is preferable. The LITESEC-357 act1 system, which is based on the LOV optogenetic interaction switch 35 , only achieved weak activation 358 of T3SS secretion upon illumination (Fig. 4) . LITESEC-act2, which uses the V416L mutation in the anchor 359 protein 46 to decrease the affinity between anchor and bait, could be activated by light more efficiently. 360 Even more strikingly, LITESEC-act3, featuring a reduced expression level of the V416L variant of the 361 membrane anchor, led to a strong activation of T3SS protein secretion upon illumination, while 362 retaining the tight suppression of secretion in the dark (L/D ratio of 4.2; 66% vs. 16%; Fig. 4 ). 363 Notably, the export of heterologous cargo was entirely light-dependent (no visible export under 364 inactive conditions; Fig. 6 ). In contrast, endogenous T3SS translocator proteins were still secreted to a 365 basal level under inactivating light conditions, even in the most tightly controlled strains (LITESEC-366 act3/-supp2; Fig. 4 ). This might indicate that the export of heterologous cargo is regulated differently 367 from the export of the endogenous translocators, which for example also involves protein-specific chaperones. While this hypothesis remains to be rigorously tested, it highlights that beyond their 369 application, LITESEC and similar optogenetic approaches can help to better understand the underlying 370 biological systems. 371 To explore the influence of the anchor/bait expression ratio on light control of the T3SS in more detail, 372 we measured the light-dependent activation of the LITESEC-act2 system at different expression levels 373 of the anchor protein.
The results indicate that anchor/bait ratios of around one to two allowed an 374 optimal response to blue light for the LITESEC-act system. Higher ratios retain partial membrane the main drawback of these methods is the slow response (induction of expression and assembly of 411 the T3SS take more than 60 min 28, 47, 48 ). In addition, in these systems, the T3SS remains active as long 412 as the induced protein(s) are still present, which leads to a higher risk of translocation into non-target 413 cells. 414 By using light to specifically activate the modified T3SS in bacteria, we have addressed this issue. The 
